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Background: Amplification and rearrangement of the epi- 
dermal growth factor receptor (EGFR) gene is frequently 
associated with malignant gliomas. One type of EGFR mu- 
tation in primary gliomas results in overexpression of an 
aberrant EGFR messenger RNA (mRNA) that lacks se- 
quences of esons 11 through VI of the human EGFR gene, 
We observed that the aberrantly spliced EGFR mRNA con- 
tains a ribozyme eteavable sequence (5'-AAG GUA AUU-3') 
created by the joining of EGFR exoa 1 to eson VII. We 
hypothesized that an appropriately designed ribozyme RNA 
could mediate site-specific cleavage of the aberrant EGFR 
mRNA and reduce the growth of aberrant EGFR-prodiicing 
tumor cells. Methods: We synthesized aberrant EGFR 
mRNA substrates and a sequence- specific hammerhead 
ribo/yme (abEGFR-rib) to examine the ribozyme's activity 
in vitro. We also constructed an abEGFR-rib plasmid and 
introduced it into ERM5-1 cells, which are murine NM3T3 
cells transfected to express an aberrant EGFR complemen- 
tary DNA, We measured the growth potential of the cotrans- 
fected cells in culture and in nude mice. Results: The syn- 
thesized abEGFR-rib efficiently and specifically cleaved 
aberrant EGFR mRNA substrates in vitro. Expression of the 
transfected abEGFR-rib suppressed expression of aberrant 
EGFR mRNA in ERM5-1 cells and reduced the growth of 
tumors formed by fitc cotransfected cells in nude mice. Fi- 
nally, the incorporation of hromodeoxyuridine, a measure of 
mitotic activity, was also decreased in abEGFR-rib- 
producing ERM5-1 cells in vivo. Conclusion: Ribozymes tar- 
geted to aberrant EGFR mRNA can inhibit the growth of 
tumors formed by cells that express this mRNA. 13 Natl 
Cancer Inst 1998;90:581-7] 

The epidermal growth factor receptor (EGFR) gene encodes 
a Src family receptor tyrosine kinase with oncogenic potential 

1 > i < f n i i t i i t v f ' i i 

yb b stomas iij Fhree types (1 to Hi) of nmtan B'dfR em 
were report, i 

801 nucleotide deletion in EGFR messenger RNA (mRNA) (6~ 
8}. Approximately 52' of til >rimai utnai ' stomas with 
EGFR amplification have this alteration (7). Furthermore, 17% 
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of m dign mt z nu t p mess this mutation '9) Abenjail \ t il R 
mRN A expression may be associated with carehwgenesis be- 
cause NJFGT3 cells transfected with an EGFR complementary 
DMA (cDNA) harboring the type til mutation show transform- 
ing activity (6). Recently, we detected the aberrant type 111 
EGFR ( ib( GFR ) t in ptoiiferatin ells using in 

situ lubndi/alion (10;. Taken together, these findings suggest 
that expression of aberrant EGFR mRNA plays a significant role 
in the continuous and aggressive growth of ma 

Ribo/ymes are catalytic amisense R.N As ilxtt cleave RNA 
substrates in a sequence-specific manner (1 i). The bammerbead- 
type ribozyme was originally discovered in satellite RNA of 
tobacco ringspoi virus (12,13) and functions in that system in a 

/■•■.■■.imp manner. Studies / 14.15) showed that recombinant 
kmmtethead-tyjX' cibo/ymcs could also function in tram, with 
the potential for decreasing levels of specific gene transcripts 
Targeted suppression of specific gene expression by nbo .'vines 
has been reported (16,17;. including activated ras and truncated 
ber-abl genes !K 1 Hie ibEGFR mR> , iii the cleav- 
age site sequence 5'-AAG GUA AUXKV. Thus, line type ill 
EGFR mRNA is cleavable at the junction of the imncaied mol- 
ecule texon 1 spliced to exoa VII .toy the nbozyme. In tins study, 
we evaluated the efficiency of nbo/y me-mediated cleavage of 

tbl GFR mRNA under different conditions in vitro and exam- 
ined the role of ribozymes on the growth of transformed cell 
lines in vivo. 
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Materials and Methods 
Rtbozyme Constructs 

We constructed a ItainmerfKml riW\t«a to spe«itk,tlly cleave abEGFR RNA 
in ibe :mbstmte-.nKv.yr»e complex (big. 1. A), 'Ik DNA templates for in vitro 
lr.wortp1i.xi t tb RNA u! ml ami the Innim r'kil nb m (Fig. I } mi 
C) were sy.iihesGed b> 30 cycles of tlx- potv-mera ; ..e ob.nn reaction t'PGR) (de- 
natiiMtton at '>i : 0 for 90 seconds «mealS»g a! fi'T for -XI seconds. and 
o\toiM.»i il M lot "< iolvK) twine 1 l , linpKni-H <P-i!-m 

i ,1cm ib isnm. Poster Gtby i > ti m the 1 II m prime) (Rit 



to the supplier's rccwniricnAitioii 
were (hen fractionated through TBE 
2 mi/ KDTA) and 12% potyacvyian 



A AT : 



C r ' 



GT's 



.1 rtho. 



compier, 
ahbGi k- 



) abKO.bR roRNA. ■' 



CA'CAAT(."i'.A4'COAC-.r and i RtOi , 5 : A , A 0 0 \( OAAAGC'f bTCf n'CCT- 
CACt:jt:jAC1'CA'r"l'..\G.-Vri'-V. The dis-abdlGFR-nb contained a senate base 
change i'G lo ,y, log. J, AO in the catalytic core compared tvit.lt abi.Gf R-rih 

Following amplification, the PGR products were fractionated through a e'O, 
> upo . <j l'- . ViX v i J in bk i n I It itt MP.) 
pitrilfetl'by DKS2 (Whatman, Maidstone, • , ]..n-e\ebam;,e rby, 
and used as templates tor T 7 RNA polvnteiuse f Slmaeene. be .tolja. C. \ ) caia- 



< . . n I i- fn , II t md I" Kb \ p. \- r 



TCAC:CACATAATTACtT'n-.V tor the abb.GFR RNA substmte and tb'be) 
5^'rAA'rACGACTCAC'rA'rA<j'JX\ACCACAlb^A'rC'j'OAI'GAG-.r and 
t Rb4t * -G V \ v vG \ V U<(<i t KMlA It vr C C ^Ut vii V< > VTf-J' f.-r 
the nbesyvyne ( abbGFR-nb i 7 be K I and R2 primer sequences were derived from 
ml sj.iliee iiieefioii ik mieeun n [and llAjfth Udb vie 
'lire Rbe and Phi primer /.eopietwcs were derived j'o.en Ibe hammerhead 



.y! sulfate. 0.5 M Cli^COONH,,, and 1 mM EOTA. Cleavage 
reactions were performed be mixing 2 pmot of abEGFIGrib or diS-abbCA'P-rib 
RNA combined with 2 pmoi of ahEGPE RNA ajxi heated at 95 "G foj 2 tmnuics 
and then ijuickf led n k Uiquot I' the P I b I I I tbi 
R.N.Ax i\vr« added to prepare .1.0 p.}.. reaction \olumvSi Individual reaction mix- 
tm \ i in i i I G i n. 0-40 uGN 

reaeOontmi I iinuui to J Mini R 1 ubsu n ubo mik mot turn 1 too 
at 37 ( i The Ue.wage p.robte.fs ocere resolved on detenuiing 6'G TBE poly- 
acrviaintde gels and de).ec(ed b> attEoiadiograpfiv (Kodak X-OMA'P .41?'). 

Ribo/zyme-Producing Ceils 

For producing abbGPR-tib or dts-abfvGFR-rih m ceils, we eonstnieted new 
nbreiymc and disabled ribo/eme DXAs I.e.. PC. R and introduced them into m 
evpression vector ipFtfiApr-i) (iUh, BrieiHy PGP wtis perionned usittg the 
neb 



A IX. I' 



\TQA 



GTQA 



ATR'A 



iA A Aiiii V Pf GG'i X'G'iX" . \GG G AC'f 'G - 0 ' 
for ;.l>EGI-R-rib and primer (R27) 5". GG4 ATi'GAGC'PG'PCG AGA- 
CATAATCTAATGAGTCGG'FGAG A. ptiii.er Red for Jis-^KGt-'R-rib. Fot- 
i enp ippumiik t it'ist.io.u rideimtciea > di ion tbi Pel' pr<N.iikt- wcri 
duccnonatiy snbeioned mie the .GO.etHH and Saf I reslriclkm sites of the xvknty- 
oik expression pta.-.iind pHjJApr- J coiitatniiiH; <i s,Jeetabie hygfomycin resis- 
tance gene OGiwed i'rorri pGPi'd. fiieiiroeeo. Peek, "Ibe Xribertsudst (Pig. 2). 

FRMS i eelfs were esisbhsbfo from NdHaTO ceils by ira.isfeolio,, with ibe 
abFGPR G0.N.\ expresioou vector t 6i The F.IGcIO ] eetis 'ecere maintained m 



;.0 

IBf. Fvij 



st.pplc.i 



cording sbbdbP-nb o 



s-abtiGI- R-iifi consiniep 



Vie.- t. Primaiy sequence and predicted structure of tfo synttieti.- riboeyme. 
stthstrate.w and the resulting dbavage prodiebs. a.i Schematic structure of" rhe 
afjcifant epidermal growth facior reeeptor tPGPRi xybsfrate-nlioeyrue 
(aiiPUPR-nb) eompice ArtovUiead mdieaie. die cbavage ■ ik ad t aeenl 10 the 
iiinctjoii bePveen exotis 1 and VI! present m aberrant FGFii messensjer fsN.\ 
i'tiiRNA) '111* guanine nucleotide that was changed to adenine to create the 
ritxv.yjnc (di itiPGER-rii i hicbitgiiied t fmt v hain t otnn 
1 1 t f irtrmei used O s\.mh< i ; d.ieiranl .PGf'.P nil b \ ii) fb< ens pjimer 
Rt t ix me. ' UllltbsGl >l Hh(b > > , ,u> > >(,(,| Pd I ' I . 

it mci . s 1 1 \. i (. Yt t ! Oi '( ! i > ' ) - i u ! it Mftt.lt u 

of complemeiOai-: sctpieiiee arc shown by dotted lines. The 5'' boundary se- 
quences of exon VII that form the ribozyme cieavabie seguetioe 5'- 
AAGOtTAA'Pf-e' are shown m bold tetter-, to PGR primers used to svmhesho 
the r.boevme. "Hie sense primer Rbe (38 rner. 5 N'i'AA d'AGGAG'VGAG. 
TATAG'FCACGAC Al A A'FC TO ATGA CO 3 ' ) coitutius a T" RNA poK'niera.se 
promoter seqitenee and the antisej.se primer Rb4 (37 n.er, 
G * % \ \Q \ \ K'R'i"! t i'GGTCG'iX \GGG XG'iX \'f'( \G,-\'!'r-3''.i d means the 
' h >■ ethcad structure of tio tibo.wwe abf otR ttb Regions ot c mpl«memat> 
sequence a.te shown by dotted tmes 




fH>fo^-t-e s ft aberrant SGFR-RNA 
U- A 



AUUAUGUG6UGA-S' 
UAAUACACCACU-5' 



r 0/.-t eel GACT 



o TAAlACGACTCACTATAGp- 



3- -TTA 0ACTACTCAG GC AGTCCTGCTTTiG GAAAGAAAAG - 5 
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fragment / s 
{ribozyme 
disabled riboiyme) 



1 i« 2 Vh i» ilk i j h cut tfi ii i i - pi i h i t i 

pHii-Jir-itht-nfR-rib. the pdyBKWhe chain reaction iKl Regenerated ribcv 
v.vme md disabW iiboc.ymc DN A< (dabekd "FtR fragment''} were dieted 
Mth till uiJ 1 aid!, ,i tint dlil i It i.iljHj p. 1 rth U 
Iffcd, ligase. The ojmntutK.xi .>f the PCR fragment with respeel t„ the jJ-acti» 
promote* of the pkisuud-, t* shown by the Mn.iv. 



phosphate precipitation method using 10 p.got'lt,,. pfasirnd DN.A g:ed Plasmid- 
eetit mmc veil t u -.ska J m t Ml t in pktmm J nit " ^ ml of 
bygr,>myem for J weeks etui subsequently isolated mini?, e tloiim;' cylinder 

Tin: level ot the abl'likP. mRNA eras determined by PN.A hl-atting analysis 
Total RNAS WOK «SlraCte<J from WMS~\ ceils, tramdecied eel! tines i - 



pfae 



..f plK, 



chloroform foe; Atuju-.i.-: of 30 i-yi: of tola I R.s.o e kciiophf>,soed through in. 
agarose* 1 ',, formaktehyde gets end die RNA transferer! mm, nyhsu membranes 
(CleueSeiven Plus; Du Pom NldlSs Boston, MA). Immobilized P.NAs Vfm hy- 
bridized- with "Tdaboled tutinw l-CFR ot>\-\ using standard methods and th. 
baods visualised by autoradiography ;"eo). 

Introduction of Rib©x>sme-ProdHci»g Cells into Nude Mice 

ERM5-1 evils, or abPOFffob or dis--abb:t;i : l<--tib--piodi.cij)c ERM5-1 eeUs 
(2 or H 10* ceHsOriousey ware siabeitkmeoiish, inoculated into in.uk mk<t 
(female, S weeks, BAUK-A-t.u. odea japan ine., r.twj. The growth rates of 
the cells were estimated !>;. measurim; the si re of the tumor lesions utter i.uoeu- 
hfn Weestnnaled mm lit rates tm tu I. ,„ tukl eet] finer <IOS nut !-?<fo 

producing nfeEOFR-rib mitm> cell Itnes <iM2 and Ji I t pi !u m dt 

■ t r t ,d til espeniri lit in 1 in 1 h i tt t trutu I \ i pesfor.m d i)t 
ccilh til i ■ id use gnd iiti t ih i enli I In t utile ill peri 

We estimated the fraction of gtowung ceils by a broimfoeossuiadiite klardki 
incorporation labeling assays 'honors were surgically removed from the mice 
under dee) m, ik it dt m titer ni i fijeetion with 100 rmykg of 

Brdld (Sigma Chemical Co.). Tumors were fixed it) 10% formalin at room 
tettipaiature for 2d how*. Sections ofo-hum thkkf from each tumor were 
mounted on glass slides, oiler blocking of endogenous perosidase b\ Heating 
the sections oath 2 N HCt , dt- imm.tes. re,.,,, lemperalure >. eaef, gteparalmt, was 



y, and in 
w U.K.) 



■a. oh n 



ere the, 



t. pe.romdas, giiRf . or.jit )tcd , .11 n mii-t i unman . , 
1.200, Dales Copenhagen, foanniarkt at n,..ni tenipcratntc Pa 00 rmiuncs. 'lire 
jivntnUs were canalised by HKP reaction vcith Odd"., .h.k-diaminobMZ-iiiiite 
0 00?*% H..0 Nitelei i' the eel! re, nmwmhvetl w«l> hema 
covim. Uw mtmber of Brcfli-prsnttve ceils was iietermiaed by counting tm« 

nmo.r ,,,-tls u, dime different visual lieids under a light microscope at a magm- 



Cleavsige Activity of Aberrant ECiFR Rittozyme In Vitro 

We delcnniiKd the opfsmal conditions tor RNA subsCrato 
cleavage aciivih by incnbaiii 

a( >7 J C foi 18 itoitts using comtan ozyme-ratio 
of 1:1 and a series of Mg 2 ' coicentrafioiis fore "MsteriaJs and 
McUiods"" secttoti). If the abEGFR-rib was active, wc piediaed 
that the 25-base abEGFR RNA substrate would be cleaved to 
produce a 1 3 -base 5 'end fragment and a 12-base 3 'end fragment. 
Both 5'-D base and 3 - 1 2 base bands were vissbSe following 
incubation in ! mM Mg*' The intensity of the two bands in- 
creased in a cottce.nl t iependc tanner nn i 
plateau at 2 tahl Mg 2 " ( Fig 3. A) However dts-abEGFR-rib 
with a single base citange m lite Itammeiiiead stracuire did not 
cleave the abFGFR RNA substrate even in the presence of 40 
mM Mr' (Fig. 3, B). 

To cotifinrt die en/.yme-bke acitvtiv of the abEGFR-rib. we 
further characterized the ribomne reaction. We first evaluated 
the time required to cleave the substrate RNA. The cleavage 
products were visible within 30 inintttes of stamng the reaction 
and showed a gradual increase up to IS hoars (Fig. 3. G». In fact 
the substrate was almost completely eghattslcd after 18 llOtitS of 
incubation (Fig. 3. C). Next, we examined the effect of different 
subsmac, 'ribo^yme ratios on ribo/.ytue activity. The tibozynte 
effectively cleaved the substrate at substntle/riboxytne ratios of 
2:1, 4:1. and 10:1 in the presence of 5 mAf Mg 2 " a! 37Tfor !S 
hours. No ribozyme activity was apparent at a subslrate/ 
ribozyiae ratio of 100:1 {Fig, 3, D), 
Effects of Ribo/yme-Mediated EGFR mRNA Cleavage oa 
Cellular Growth In Vivo 

The expression plasnuds pHl3 -abEGFR-rib and pHP-dis- 
abEGFR-tib were prepared (Fig, 2) and used to transfect 
ERM5-- 1 ceils {see "Matcrutis and Methods ' section) Wc iso- 
lated 30 stable cell clones (1.-1 to 1-30} transfected with pEf>- 
abEGFR-rib and 3u sfabfe cell clones a \ - 1 to 2 1 -30) transfected 
with pHp-dis-abEGFR-rib after selection with 500 pg/ml, hy- 
grontycin. Production of abEGFR-rib or dis-abEGFR-rib by tite 
transfected cells was confirmed by a reverse transcriptase- 
coupled f'CR assay (data not shown) Transfected ceils had vari- 
able levels of either ribomue. We retained two clones of each 
type that were the highest producers. It) culture, the stable irans- 
formant 1-21. transfected with pH|'5-abEGFR-rib. demonstrated 

I * k (in i v sing tnd was smaller in size compared 
with lite pi'lffodis-abEC.FR-nb iransfectant 21-12 (Fig. 4. A and 
B). Hie pHpa-dis-abEGFR-rib tratisfectant 21-12 Itad a similar 
morpl»logy compired with the original cell line, ER.M5- ! {ditia 
not shown). Steady-state levels of the 8.1 kill base ib'l Gl *> 
ruRNA were decreased in the abEGFR -rib-produci ng cell line 
1-21 compared with ERM5-I cells (Fig. 5). In contrast, levels 
of abFGFR mRNA in the dis-abEGFR-tib-prodacing cell hue, 
2.1-16 were even greater than the levels of abFGFR mRNA 
detected in die ERM5-1 parent ceil line {Fig. 5). Aberrant EGFR 
mRNA was not detected in normal human placental tissue (Fig. 
5). The growth rate of the abEGFR-rib-producing ceil li ne, 1-21, 
was not signiiteanlh different from flat of chs-abEGFR-rib- 
pmdoemg cell hue. 21-12, and the parent cell line. ERM5-1. 
under the cell 11 - i 1 t" . s used not alius nt 
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il\Gf'iN RNA substrate. '-(Mahelod rtbo/ywet'abEt It R-nb i and .ihetY.nn 
!•<:.) R. :<!)!•< ; t R r K\ \ Nulwima-x w*k menh;ik<) a-im; (Ik- diftavn! rv.».t«m 

It-niH eatalvik R\ \ and uiickaved sub-arale P V\ In- doitautriii!.', p^.viyfcrowU 
ye. I ek\iK>piiore.--,is. Molecular sixes of band* seen in panels A D are inJic.ited 
to lite tight oftb,' figure. -V, Cleavage Klivily oikibEGPR-r.b with the abEGFR 
SNA substrate in Ihv* prewih* of mcreasuiy. coFjcer.b-aitens of magnesium. The 
nh-.-;:vTfii; ami purified substrate PNAs (2 pmol oaGA were incubated m tits 



peiionried as desenbed abose (" Time eoit.se fo, KNA substrate eie. 
Cleavage reactions using tbe abf-OFR-nb and Uk abFGFR RNA sufrstr 
pmot each) were performed in 5 m.vf MgCf, at 37 ! C f» Substrate RNA 
age activity at Vinous ratio'-, of the RNA substrate tiboa yme Gkavag-a rea 
wsrc performed in 5 mA> Mg.CU incubated at 3?<'C for IS hours. 




t i ■ J "u 1 ■ ' h • 1 * . i i . 'i l hv) the aben ml 

epidermal gvowtit factor receptor tKOFR) ribcs-yine or the disabled tibo/vme in 
culture. At Phase contrast photomicrograph of«ll litre 1-21 trajtsieoh.-tf with the 
aberrant ! 01 ft ribo v,„ pHfS obi c} R rib < 200) jj) C*U hie 21-12 trans- 
jeered with i.he disabled nijoevme pTij'vdis-abf'f jFP-rib i original maejufiLaiiotj 
*200, phase eontrasy. 

To determine the effect: oi 
the ceils trtmsfcelcd with pH}-^;tb£GFR-nb (1-25 and 1-26) 
1 v. ,mo mide iiitco t." oi S i o ' ccllv'mouse). Oah 
ne tumor Icsioi nued 1 tsfeeted pi bl R-rib 



C<3 iis« -hip 



10.5 Kb— 



f RNA 



ijRN'a; 



from ERM5-1 -.elk. Eirm.-.k-.-k-d ERMe-l self prodnem 
P.GPP atew (1-21 cells, or a disabled EGFR rtbozyi 
normal" human placental tittle. Twenty micrograms tola! P 
through a Phi agarose.*''-;; toiiivtPkhyrk gel and the EX. 
rnsrnfj-aiie-s 'Hie rmsnobit.s.ed RNA »w hybridized witfi 
POf-P complementary D.N'A G; and the band:. v.soafiaG 
Molecular sts.es of die normal and aberrajji EGFR mRX. 
bases {kb> w ike left of the f igm-e. fame I, ERM5-J cells. I 
a. 2i-ld celts: and lane k human placenta. 



cell line i 1 > s 1 1 iftet in tiittttot icrcas all of 0 cell 
lines transfected with the disabled nbo;-:\ trie pi-lji-dis-abEGFR- 
rib (21-12 and 21-16), and die BRM5-1 pare eel! line formed 
tumors within 12 days of inoculation. By dav l\K tumors had 
fomied in four of five mice met t ted vitl ilk . U iti 1-21 
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(Fig. <>}, The toots produced by ERM5- i cells. abEGFRntfe 
cells (1-21 and 1-26), and dis-abEGFR-rib cells (21-12 and 21- 
16) were, resected on day 19. T he tumors derived from the 1-21 
and 1-26 cell lines were smaller (km tumors derived 1'rom the 
21-12. 21-16. and ERM5-1 cell lines (Fig. 6; Table 3). 

The abEGFR-rib umisi'ectatit. 1 -2 1 showed lower mitotic ac- 
tivity (Fig. 7. A and 8). lu addition, Hie labeling index deter- 
mined by Brdli incorporation was decreased in the traasfecfants 
earning the ribozymc expression piasnnd pi'.- •:;!•! «,! F-r ; b 
compared with cells earning the disabled ribozyme expression 
piasimd pHp-dis-abEGFR -nb ( Table 1. Fig. 7, C and D). 

Discussion 

We previously reported that rearrangement of the EG PR gene 
i t i nth tcsults m a loss ol genomic DN \ tint G,tds to aber- 
rant splicing of nucleotides 275-1075. the first and sevetitii ex- 



ons Hie restiiting 801 .nueleotid deletion i EGER niRNA is 
, s t i lit ,i . i i md malignancy in human 
malignant gliomas (6j We also demoastRited thai, tlxc aberRmi 
EGFR transcript was expressed in pro 
nam glioma by in situ hybridization OO). 

In this study, we prepared a hammerhead-type ribozyme 
based on the observation that abEGFR mR\ \ p^--- s ■ k 
sequence 5'-AAG Gil A AUU-3'. which is cleavable by ribo- 
zymes near the junction of exon 1 and exoti Vil in abEGFR 
mRNA (Figs. 1 and 2). We first used ribozymes with 9-base 
i a • ma inns in vim (abEGFR-rib and dis-abEGFR-rib) to 
ensure substrate-specific cleavage (hi the basis of our ,i vitro 
results- we used ribozymes with 7 -base annealing arms for in 
vivo experiments (pHfj-abEGFR-rib and pHfj-dis-abEOPR-rib) 
in an effort to increase ribozyme turnover (binding and disso- 
ciation). The length of the homologous sequence between 



VUg, 6. Stees •>) mmors rccctcrj on djy 19 IV. .in mi 
mic* inocutausn with- EBM5-J ceils; 1-2 J 

and 1- 26 cdfs j.'roducmg fiK-n.inl VXrVft rifi-vyinc: and 
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Fig. 7. MiU.rt.io iK-nvity of uumm produoim>. etfl.tr die atenant epidermal tttwwrti 
factor receptor ifXil-R) nKoyme or the disabled filx*yme. A and B> stained 
with hcii.iatoxAtm -i.-istn •::,!;, original tiuriurkvitioi) 390. At Tranidcctant t-21 
producing rtbozyim- abKOFR-rib. »} Transfectwr 21-12 producing disabled 
rflwzyro* dis-abkoi : R-rib, showing mimeauti, mitotic figures. C) Trsnidectani 
1-21 producing nbozytiw abKGFR-rib. wdth ft few cells i'amtfv labeled with 
t.romi>d.:iv,xtiridmeiBfdl';). I>) Itati.stecfatil 21 ) 2 pvdttoo;; disabled rib -.'.> 
dis-abJ-GFR-rib.. with numerous cells, labeled with BrdC Cells in panels C and 
Dare c,.i.tmcrst.tiiK'J w t tb licmatow tin. original magnification 1 'W. .ve -%!,<• 
ieriats and Method?;" section lot the BrdC assay. 



abl.X.iFk-nb and its large! RNA was adequate for cleavage of the 
RNA target in vitro The ribozyme effectively cleaved the sub- 
strafe even at low Ma; ' concentrations (1 ml/). Although the 
phy siologic intracellular Mg 2 * concentration is in the range of 
0.2-1.0 mM ■26), we predicted that the ribozyme would be 
effective in cleaving abEGFR RNA by using some other diva- 
lent cations in vivo. As expected, a disabled ribozyme (dis- 
abEG.FR-.rib) did not. cleave the substrate RNA molecule, even ai 
Mg'-'' concentrations as high as 40 mM These results suggest 
that the clca\ age acfn tiy mediated h\ ..ibl.'.GI R-nb was a nbo- 
z\ nte-specilic catalytic reaction rather than a simple aitlisense- 
.neuf.ra.liz.ing reaction in vitro. The cleavage products were de- 
tected within >0 minifies of commencement of the reaction and 
showed a marked increase within 2 hours (Fig. 3, A). The greater 
time requited for lite cleavage reaction by abFGFR-rib sug- 
gested that the speed of dissociation of the ribozyme irons tis 
reaction complex may be slow compared with proteinaceous 
enzymes, and thai this may represent the rate-limiting step for 
the cleavage reaction The abEGFR-rtb was effective at a sub- 
strate/ribozynie ratio of 4:1 in the presence of 5 mA/ Mg :; " at 
37 C C for 18 hours. The tibozyme retained its activity, even at a 
substmle/ribozv me ratio of 10:1 (Fig. .1 D). Taken together, 
these results suggest that the abEGFR -rib acts as at; enzyme-lrke 
catalytic molecule in v:!ro 



When abEGFR-nb-producing FR.M5-1 cells were inoculated 
into nude mice, the introduced cells still formed tumors How- 
ever. these tumors were at least one icnlh the size of tumors 
produced by the original ERM5 -1 cells or dis-abEGFR -rib- 
producing cells (Table 1). The mitotic activity was also de- 
creased in the abEGFR -rib-producing cell lines.. Thus, we con- 
firmed the inhibitory effect of abEGFR -rib on the growth of 
transformed cells in vivo. 

The aberrant EGFR molecule in glioblastomas retains the 
transmembrane domain and is actually functional as a cell- 
surface receptor (6). Most likely, the first csort still encodes the 
leader sequence of the aberrant EGFR. It is plausible tlutt the 
inRNA cleaved by the abEGFR-rtb may be translated from the 
next in-frame "ATG" codon (theoretically. Mel 318 in the full- 
length cDNA) to generate a new protein product This putative 
new protein is predicted to retain functional domains for signal 
transduction altltough it would no! hav e a leader sequence ca- 
pable of spanning lite cellular membrane. Thus, the protein's 
intracellular localization may affect signal transduction in rela- 
tion to cell growth. 

On the basis of our results, we conclude that the aberrant 
rXTR mRN A -specific hammerhead riboz\ me described here 
effectively inhibits cellular growth. Because this deletion in 
EGFR mRHA is known to be closely associated with malignant 
gliomas, we think that the ribozyme -mediated specific cleavage 
of aberrant EGFR transcripts is an elegant approach leading to 
gene therapy of malignant glioma. 
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